Tissue Doppler imaging (TDI) and TDI-derived strain imaging are robust physiologic tools used for the noninvasive assessment of regional myocardial function. Due to high temporal and spatial resolution, regional function can be assessed for each phase of the cardiac cycle and within the transmural layers of the myocardial wall. Newer techniques that measure myocardial motion by speckle tracking in grayscale images have overcome the angle dependence of TDI strain, allowing for measurement of 2-dimensional strain and cardiac rotation. TDI, TDI strain, and speckle tracking may provide unique information that deciphers the deformation sequence of complexly oriented myofibers in the left ventricular wall. The data are, however, limited. This review examines the structure and function of the left ventricle relative to the potential clinical application of TDI and speckle tracking in assessing the global mechanical sequence of the left ventricle in vivo.
The spiral arrangement of muscle fibers in the heart is reminiscent of spiral and vortex patterns in nature, ranging from small organelles and whirlpools to hurricanes and rotational patterns of the galaxies (1) (2) (3) (4) (5) . Vortex patterns link two fundamental forms of motion that work in close balance: an inner, rapidly descending swirl and an outer, less rapid, ascending rotation (4) ( Fig.  1 A-C) . These counterdirectional movements of a vortex produce suction and expulsion forces that have been exploited for designing energy efficient propellers and turbines (6) . Likewise, experimental and mathematical modeling of the clockwise and counterclockwise spiral loops of myofibers in the left ventricle (LV) has shown that counterdirectional geometry provides an efficient distribution of regional stresses and strains (7) . Conversely, altered ventricular geometry resulting from cardiac remodeling, regional myocardial dysfunction, or asynchronous conduction distort the efficiency of the loading and expulsion dynamics (8, 9) . In this review, we associate the LV myofiber architecture to the spatiotemporal sequence of regional deformations occurring during normal cardiac contraction and relaxation. We further elucidate experimental observations, which explore the application of tissue Doppler imaging (TDI) and 2-dimensional ultrasound speckle tracking for delineation of the synchronous mechanical shortening and lengthening sequences of the human LV.
Myofiber architecture of the left ventricle
Emergence of spiral myofiber architecture in the LV occurs following several sequential embryonic stages (10) . In the early tubular heart, the walls of the LV develop from two layers of epithelial cells. In the later (second) stage, proliferation and growth of the inner layer results into formation of sheets and chords that develop gradually into inner centripetally aligned trabeculae. In the third stage, there is proliferation and compaction of the outer layers and the invasion of the coronary vessels into the mantle of muscle fibers from the epicardial surface. In the fourth stage, the morphogenesis of transmural helical layers is complete with the coronary vascular tree as seen in the adult heart.
The helical arrangement of muscle fibers in the LV (Fig. 1D) is found across the evolution of various animal species. This natural occurring anatomical arrangement has fascinated anatomists over centuries (11) (12) (13) (14) . With the advent of modern histological techniques, studies have analyzed the architecture of the myocardium in transmural plugs of ventricular tissue that permitted a detailed examination within a given region of myocardium (15, 16) . These studies established that fiber orientation was a function of transmural location, with fiber direction being predominantly longitudinal in the endocardial region; transitioning into a circumferential direction in the midwall and becoming longitudinal again over the epicardial surface. Myofiber morphology was described either based on orientation of individual fibers or as multiple myocyte 'sheet' arrangements separated by extensive 'sheet cleavage' planes (17) (18) (19) (20) . Some investigators depicted the LV as a complex nested continuum where the myofibers entwined to form a mechanical and electrical syncytium (21, 22) . Whether the myofibers are aggregated within the LV as fascicles or transmural bundles remains an area of unresolved debate (22) (23) (24) .
To understand the helical myofiber orientation of the subendocardial and subepicardial regions, consider the counterdirectional orientation of fingers on superimposed human hands. If an ascending strand of helix turns in the direction of right hand's fingers, it's a right-handed helix, if it turns in the direction of the left hand it is a left-handed helix (Fig. 1E ). Note that handedness is a property of the helix, not of the perspective: you can turn a right-handed helix around and it is still right-handed and cannot be superimposed over the left-handed helix. Such handedness that excludes superimposition is referred to as chirality. Indeed, several studies in experimental mechanics and computational modeling have described the LV wall as a chiral structure where right-handed helical myofiber geometry in the subendocardial region transitions gradually into a left-handed geometry in the subepicardial region ( Fig. 1E) (7, (25) (26) (27) .
Therefore, the long axis of myofibers when viewed from outside the LV rotates clockwise from the endocardium towards the epicardium, with reported net difference in myofiber angulation ranging from +60° to −60° (15) . In the short axis views, the myofibers are clustered within layers (myofiber sheets) that are separated by cleft spaces (cleavage planes). These layers are not aligned parallel to one another; rather, the myofiber sheets diverge within the LV wall creating angulations with respect to the plane of the epicardial surface. Debate continues concerning the magnitude and variability of this angular alignment. A recent study in porcine hearts indicated that about three-fifths of the myocardial cells had their long axes diverge within the LV wall at angles between 7.5° and 37.5° in comparison to the epicardial surface (28) .
Effect of Myocardial Anisotropy on Appearance of Cardiac Ultrasound Images
Tissue appearance in echocardiographic images is to a great extent influenced by constructive and destructive interferences of different backscattering waves, resulting in speckle patterns (29) . These patterns can be used for motion analysis (speckle tracking) (30) . The anisotropic structure of the LV wall, with fiber directions changing from a right-handed helix in the subendocardium to a left-handed helix in the subepicardium ( Fig. 2A) , alters the propagation and backscatter of ultrasonic waves (31) (32) (33) . Previous investigations have shown that the integrated backscatter in the LV wall varies approximately as a sinusoidal function of the angle of insonification at each transmural level (31, 34) . Greater backscatter resulting in a brighter image area is observed when fibers are interrogated by an ultrasound beam that is approximately perpendicular rather than parallel to the direction of the fibers. For example, in the apical four-chamber view of the interventricular septum and lateral wall, bright speckles in the mid wall represent the location of circumferential fibers that run perpendicular to the echocardiographic scan plane (Fig. 2B) (34) . Conversely, in short axis views of the LV, bright speckles are seen in the anterior and posterior segments where myofiber sheets are perpendicular to the line of propagation of ultrasonic beam, while prominent attenuation occurs within the midwall of the septum and the lateral segments where the myofiber sheets are relatively parallel (31) . A high resolution transducer placed directly over the epicardial surface of a beating heart is used to demonstrate this phenomenon (Supplementary video 1) . A transmural anisotropy can also be identified within the regions of LV that produce bright speckles in the short axis views. For example, the arrangement of myofibers within the subendocardial and subepicardial layers of the bright anterior segment in the short axis view of the LV produce a distinctive counterdirectional movement of the orthogonally related fiber layers in a beating heart (Supplementary video 2).
Electrical Sequence Depolarization
Electrical activation begins subendocardially in the right-handed helix near the apical septum and spreads rapidly toward the base (35) . Recent investigations in humans have confirmed that the earliest epicardial electrical break-through occurs in the right ventricular free wall and the anterior LV wall, and then travels in an apex-to-base direction (36) . The basal posterior wall is the last region to be activated, which occurs during the down-slope of the R-wave (36) . The timing and sequence of electrical excitation in the ventricles is influenced by the impulse propagating through the His-Purkinje system and the anistropic nature of myocardium where propagation velocities are faster along rather than across the fibers (35, 37) . Higher velocities along the fiber direction are partially attributed to a high density of gap junctions (connection sites allowing the passage of ions from cell to cell) concentrated at the intercalated disks in the longitudinal direction (as compared to cross-fiber gap junction densities) (38) . As a consequence, the electrical wavefront travels from the endocardium towards the epicardium in a clockwise rotation, along the orientation of the myofibers within the LV wall (37) .
Repolarization
During repolarization, transmural electrical gradients propagate in a base-to-apex direction, which has been confirmed by recent experimental studies (39, 40) . The apical subepicardium is the last region to complete its repolarization, with regional bipolar signals persisting beyond the T-wave of the surface ECG (41) . This period has been traditionally reserved for the identification of the U-wave on the surface ECG. Einthoven originally described this ECG deflection and attributed it to late repolarization of regional ventricular myocardium (42) . Whether prolonged repolarization of the apical epicardium actually plays a role in the genesis of physiological U-waves requires further confirmation.
Mechanical Sequence: Experimental Observations
Sonomicrometry has been established as the reference method for direct measurement of the instantaneous distance between any two miniature ultrasound crystals implanted within skeletal, smooth, or cardiac muscle (43, 44) .
Contraction
On comparing the shortening sequence within subendocardial and epicardial regions with sonomicrometry crystals, a temporal sequence of deformation emerges within each helical layer that tracks the direction of fiber arrangement (27, 41) . The rapid apico-basal spread of electrical activation within the subendocardium initiates the contraction sequence. The onset of subendocardial shortening coincides hemodynamically with an early rapid build-up of intraventricular pressure during the isovolumic contraction period (Fig. 3A) . Subepicardial deformation occurs later temporally coinciding with the onset of systolic ejection (Fig. 3B) . The temporal lag between the onsets of subendocardial and subepicardial contraction activities correlates with the duration of isovolumic contraction.
During isovolumic contraction, there is subendocardial (right-handed helical) shortening and simultaneous subepicardial fiber stretching (27) . The biphasic deformations satisfy isovolumic mechanics: shortening in one direction is accompanied with stretching in the other direction. Stretching of the subepicardial myofibers initiates an intrinsic length-sensing mechanism (stretch activation), which allows muscle to adjust the force of subsequent shortening during ejection (45) . During ejection, the ventricular cavity dimension shortens in all directions due to contraction of both subendocardial and subepicardial directions. However, shortening strains in the apical segments exceed those in the basal segments, such that the wave of shortening moves in the axial direction from the apex toward the base (41, 46, 47) .
Relaxation
Reversal of the shortening-lengthening relationship defines the physiological onset of relaxation. Relaxation begins in the apical subendocardium (the right-handed helix) just before the closure of the aortic valve and spreads from apex-to-base during the period of isovolumic relaxation (41) . Relaxation in the subepicardium (the left-handed helix) begins after aortic valve closure and evolves in the opposite direction, beginning at the base and progressing apically during early diastolic filling (41) . Note that systole myofibers in both helices shorten from apex-to-base, thus milking blood out of the ventricle, while during diastole the two helices relax in opposite directions (apex-to-base for subendocardium and base-to-apex for subepicardium). The differences in onset of relaxation result from postsystolic shortening in apical subepicardial and basal subendocardial regions. Consequently, such 'physiological' postsystolic shortening of the LV myocardium creates active apex-to-base and transmural gradients of relaxation that are believed to play an important role in active diastolic restoration of the LV and creation of forces required for diastolic suction (41) . During early diastolic filling, pressure at the LV apex is lower than at the base, which results in base-to-apex suction of blood.
Sequence of the LV Rotation
Shortening and lengthening of the myocardial wall results in rotatory movements because of the intrinsic spiral geometry of the myofibers. During isovolumic contraction, predominant shortening of the subendocardial fibers and stretching of the subepicardial fibers result in a brief clockwise rotation of the apex (right-handed helix rotation directed along subendocardial fiber direction) (41, 48, 49) (Fig. 4A) . During ejection, myofibers shorten across the entire transmural wall of the LV. However, the direction of rotation is governed by the subepicardial fibers owing to their longer arm of movement (50) and their intrinsic contractile properties (51) . Shortening of subepicardial fibers results in counterclockwise rotation of the LV apex and clockwise rotation of the LV base. The net result is twist or torsion that results in a wringing movement of the LV.
Kinetic energy during systole is spent not only in ejection but also in conversion to potential energy by means of twisting the subendocardial fibers. During isovolumic relaxation, the twisted subendocardial fibers behave like a compressed coil that springs open while releasing the potential energy stored in the deformed matrix. This recoil is appreciated as a clockwise rotation of the LV apex. Diastolic untwisting is facilitated by progressive base-to-apex relaxation of the subepicardium. The apical epicardial segment is the last region to complete relaxation, which helps maintaining both base-to-apex and transmural gradients of relaxation for active diastolic restoration of the LV cavity (41) 
Mechanical Sequence: Observation by Echocardiography

Isovolumic periods
Tissue Doppler velocity images show transient biphasic waveforms during the isovolumic periods (52, 53) . Within the isovolumic contraction (IVC) period, fiber shortening initially occurs within the subendocardial fiber layers (27) with the peak coinciding with mitral valve closure. Because the ventricular volume does not change, subendocardial shortening is counterbalanced by stretching principally in the subepicardial fibers. The resulting nearly simultaneous shortening and lengthening vectors form a biphasic velocity tracing in TDI (27) . This phenomenon also accounts for a brief spike seen in strain or displacement waveforms during transitions between the isovolumic and ejection phases. Non-uniform movement of the subendocardial and subepicardial layers can also be recorded in the radial direction ( Fig. 5A  and B) . When the subendocardial layers show an inward movement toward the cavity, a transient outward movement is recorded from the subepicardial layers and vice versa. The subendocardial and the subepicardial layers thus show a complementary biphasic pattern of movement during IVC and IVR.
Ejection Period
During ejection, myocardial strain is higher in apical segments as compared to base. This finding has been observed with sonomicrometry (41, 47) , magnetic resonance imaging (54) and 2-D speckle tracking (55) . Fig 6 shows longitudinal strain recorded from the lateral wall of the LV by 2-D speckle tracking. Note that shortening strains at the onset of ejection are higher in the apex and progressively decrease toward the base. This phenomenon may explain why during ejection, the mitral annulus is pulled toward the apex.
For analyzing the spread of mechanical activation sequence, the sequence of longitudinal shortening provides information about the apex-to-base propagation of mechanical activation in the intact heart (Supplementary video 3) . It should be noted that the apical cap of the LV is devoid of any longitudinal fibers; therefore, the curved apical cap is not included for analyzing the longitudinal shortening sequence. The apical cap and basal segments show some stretching during the early part of ejection (note that the early stretch of the LV apical cap can be palpated as apical impulse).
For illustrating the relevance of the apex-to-base shortening gradient, consider the example of a patient with severe dilated cardiomyopathy with spherical remodeling (Supplementary video  4) . Longitudinal shortening of the lateral wall is dysfunctional with systolic stretching of the apical segment. The direction of LV apical twist is also reversed (Fig. 4B and Supplementary videos 5 and 6). Longitudinal shortening is, however, preserved in the basal segment. The reversal of apical twist (Fig. 4B ) and the longitudinal shortening gradient is associated with systolic ascent of the mitral annulus (Fig. 7) . Thus, despite shortening of the LV basal segment, the mitral annulus ascends. This example substantiates the importance of the apex-to-base longitudinal shortening gradient in the normal descent of the mitral annulus during systolic ejection.
Early and late diastole
Postsystolic shortening of the subendocardium near the base continues till the onset of early diastolic filling and can be quantified by 2-D speckle tracking. Untwisting of the apex occurs predominantly during IVR, however, some amount of untwisting continues further into the phase of early diastole. Expansion of the LV cavity in diastole occurs in three sequential stages. First expansion at the apex coincides with the onset of IVR, following which the LV base expands coinciding with the onset of early diastolic filling and is followed subsequently by late diastolic filling. This completes the cardiac cycle.
LV intracavitary flow sequence
Contrast echocardiography (56, 57) can provide important information regarding the 2-dimensional features of LV intracavitary flow during the different phases of cardiac cycle ( Fig.  8A and B) (58) . Contrast bubbles can be tracked in time and space for visualization of flow vectors in 2-, 3-or higher-dimensional images (56, 57, 59) .
Contraction
During the pre-ejection phase (Fig. 8B, 1) , even before the mitral valve has closed, blood flow begins to accelerate towards the base, consistent with the apex-to-base direction of electromechanical activation. This stream of blood accentuates a wake vortex across the anterior edge of the closing anterior mitral leaflet. The rearrangement and redirection of blood flow during the preejection phase temporally coincides with the biphasic movement of the LV wall observed on tissue Doppler imaging. Contraction in one direction (right-handed helix) and stretching in the orthogonal direction (left-handed helix) assist to displacement of the intracavitary flow toward the LV outflow. Further propulsion of blood from the LV cavity results in ejection (Fig. 8B, 2) .
Relaxation
During IVR, a rapid base-to-apex reversal of blood flow is seen (Fig. 8B, 3) . Before the mitral valve opens, blood momentum is redirected toward the apex, which prepares the ventricle to receive blood most efficiently. This rapid reversal of isovolumic intracavitary pressure and flow explains the physiologic relevance of early endocardial relaxation and opening of the LV cavity near the apex and subsequent opening of the mitral valve. During both early diastole and late diastole (Fig. 8B, 4 and 5) , a larger vortex is formed across the anterior mitral leaflet and a smaller posterior vortex across the posterior mitral leaflet (57, 60) .
Spiraling Blood Flow in Arteries
Spiraling is also seen in the conduit arteries. Flow from the aortic root, through the ascending aorta, and into the descending aorta forms a right-handed helix (61) . These findings are consistent with swirling flows in nature, where an efficient transfer of energy occurs through the formation of a vortex, compared with propulsion of fluid along a straight jet (60) . Distortion of blood flow spiraling is associated with carotid artery atheromatous disease and renal function deterioration (62, 63) .
Conclusion
Structural anisotropy and functional heterogeneity is a characteristic feature and a prerequisite for normal performance of the LV. The myofiber structure of the LV changes from a righthanded helix in the subendocardium to a left-handed helix in the subepicardium. Electrical activation and deformation propagate in apico-basal and endo-epicardial directions, synchronizing the counterdirectional layers into a single synergistically functioning system. Energy spent in systole is used not only for ejection but also for torquing the subendocardial fibers. In the subsequent stage of relaxation, the subendocardial fibers are released like a compressed coil that springs open while expanding outward, facilitated by postsystolic shortening of the apical subepicardial and the basal subendocardial regions. This relaxation activity produces a rapid decrease of LV intracavitary pressure during IVR and promotes active suction in early diastole. These experimental observations provide reasoning for the pattern of LV deformation and torsion that is observed on real-time 2-dimensional echocardiography in humans.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Glossary
Vortex
Vortex defines a mass of fluid with a whirling or circular motion which tends to form a cavity or vacuum in the center of the rotation. Locking of the vortex motion in solid states results in vortex structural configurations identified in solids, for example in high temperature superconductors. Thus a number of new vortex states (vortex liquids, vortex glasses and solids) have been identified, which have created a new research area referred to as vortex matter.
Anisotropic
A term used to describe a structure or a physical property which varies with the direction of measurement.
Chiral
In geometry, a figure is chiral (and said to have chirality) if the object (e.g., helix) cannot be superimposed on its mirror image regardless of how the particular helix is manipulated.
Strain
Strain is a dimensionless quantity representing a fractional or percentage change from the original dimension; in echocardiography, LV wall longitudinal lengthening and transmural thickening are denoted by a positive strain, whereas longitudinal shortening and transmural thinning are denoted by negative strains.
Strain Rate
Strain rate is strain per time unit, i.e. the temporal derivative of strain.
Speckle
The gray scale image is seen to consist of a speckled pattern. The pattern is not the actual image of the scatterers in the tissue itself, but the interference pattern generated by the reflected ultrasound. Each region of the myocardium has its own unique speckle pattern which remains stable from one frame to the other. This can be appreciated on M-mode imaging.
Rotation
Rotation refers to the rotation of short-axis sections of LV as viewed from the apical end and defined as the angle between radial lines connecting the center of mass of that specific cross sectional plain to a specific point in the myocardial wall at end diastole and at any other time during systole. The unit of rotation is degrees or radians.
Twist or Torsion
Left ventricular twist and torsion are terms used in literature for explaining the wringing motion of the LV. Twist defines the base to apex gradient in rotation angle along the longitudinal axis of the LV and is expressed in degrees/cm, or radians per meter (64) . Torsion and twist are equivalent terms. Torsion can also be expressed as the axial gradient in rotation angle multiplied by the average of the outer radii in apical and basal cross-sectional planes, thereby representing the shear deformation angle on the epicardial surface (unit degrees or radians) (65) . This normalization can be used as a method for comparing torsion for different sizes of LV.
Net twist angle
When the apex-to-base difference in LV rotation is not normalized, the absolute difference (also in degrees or radians) is stated as the net LV twist angle. Illustration of the link between the transmural variation of myocardial fiber direction (A) and the speckle pattern generated in echocardiography (B) (adapted from (34) ). The fiber direction changes from a right-handed helix in the subendocardium to a left-handed helix in the subepicardium. The direction of myofibers is predominantly circumferential in the midwall. The ultrasonic image plane in apical 4-chamber view (A, arrows) is, therefore, orthogonal to the circumferentially oriented fibers in the midwall. The region of LV wall where fibers are orthogonal to the plane of ultrasound produce bright speckles and can be readily identified in the septum and lateral wall of the LV (B, arrow heads). LV, left ventricle; LA, left atrium; RV, right ventricle; RA, right atrium Transmural sequence of deformation in the left ventricle using sonomicrometry. During isovolumic contraction, shortening is initiated along the subendocardial (right-handed helical) fiber direction (A). Onset of shortening in the subepicardial (left-handed helical) fiber direction is delayed and coincides with the onset of left ventricular ejection (B). The tissue specimens on the right show the corresponding subendocardial and subepicardial fiber arrangements, the position of sonomicrometry crystals (orange markers), and pairs of crystals used to determine deformation along the fiber direction (yellow arrows Left ventricular apex rotation (twist) measured by 2-D speckle tracking of B-mode ultrasound images (2D strain) in a normal individual (A). An initial clockwise rotation occurs during the preejection period, followed by counterclockwise twisting during the ejection phase. Clockwise untwisting occurs predominantly during the phase of isovolumic relaxation. The adjoining panel (B) shows apical twist in a patient with dilated cardiomyopathy with dysfunctional apex. The apical twist sequence is completely the reverse of normal, i.e. apex rotates in clockwise direction during ejection, and in counterclockwise direction in diastole. Phases 1-5 are described in Fig. 3 legend. Direct in vivo imaging of anterior wall of a beating porcine left ventricle using high-resolution linear array transducer (10 mHz). Panel A shows anatomic M-mode imaging of the different layers of anterior segment of left ventricular apex at high temporal resolution (250 frames/sec). During isovolumic contraction, there is onset of motion of the endocardium towards the cavity (black arrows) and a reciprocal outward motion of the subepicardium (blue arrows). These reciprocal movements of the subendocardial and subepicardial regions are distinct on tracking movement of speckles at different depths of myocardial wall (panel B). Displacement of the subendocardial region shows an inward movement (red), whereas the subepicardial region Apex-to-base longitudinal displacement of the left ventricle (LV) measured by 2-D speckle tracking of B-mode ultrasound images (2 D strain) in normal (A) and a patient with dilated cardiomyopathy (also shown in Figure 4 ). In normal healthy individual, the LV base descends towards the apex and there is base-to-apex gradient of longitudinal displacement. Note that the descent of the LV base towards the apex is associated with higher longitudinal shortening strains from the LV apex ( Figure 4 ). The longitudinal strain gradient is reversed in patient with dilated cardiomyopathy (figure 4). This is associated with paradoxical longitudinal ascent of the LV base in systole. Phases 1-5 are described in Fig. 6 legend. 
